Solution structures for antibodies are critical to understand function and therapeutic applications. The stability of the solution structure of rabbit IgG in different buffers and temperatures was determined by analytical ultracentrifugation and X-ray and neutron scattering. Rabbit IgG showed a principally monomeric species, which is well resolved from small amounts of a dimeric species. The proportion of dimer increased with increased concentration, decreased temperature and heavy water from 8% to 25% in all buffers except for high salt (250 mM NaCl). The Guinier X-ray radius of gyration R G likewise increased with concentration in 137 mM NaCl buffer but was unchanged in 250 mM NaCl buffer. The Guinier neutron R G values increased as the temperature decreased. The X-ray and neutron distance distribution curves P(r) revealed two peaks, M1 and M2, whose positions did not change with concentration to indicate unchanged structures under all these conditions. The maximum dimension increased with concentration because of dimer formation. Constrained scattering modeling reproducibly revealed very similar asymmetric solution structures for monomeric rabbit IgG in different buffers, in which the Fab-Fc and Fab-Fab pairs were separated by maximally extended hinge structures. The dimer was best modeled by two pairs of Fab regions forming tip-to-tip contacts. The intact rabbit IgG structures explained the ability of its two ligands, the Fc receptor and complement C1q, to bind to the top of its Fc region that is fully accessible and unhindered by the Fab regions.
Introduction
Antibody function is mediated through antigen binding activities in the Fab regions, including the neutralization of pathogens and agglutination (crosslinking). Antibody effector mechanisms occur through the Fc region and include complement activation through C1q binding and antibody-dependent cell-mediated cytotoxicity through antibody binding to Fc receptors (FcRs) on immune effector cells. Antibody binding to FcRs is important to enable them to identify and destroy antibody-tagged cells in the immune response, and different FcRs are expressed on different immune cells. The human IgG subclasses IgG1, IgG2, IgG3 and IgG4 differ in their abilities to activate complement and bind to FcRs. 1 In application to industry, these differences mean that antibody therapeutics are predominantly based on the most abundant IgG1 subclass or on IgG4, which does not activate complement. They include rituximab (lymphoma and leukaemia, IgG1), cetuximab (colorectal cancer, IgG1) and gemtuzumab (myeloid leukaemia, IgG4). 2 The primary difference between the four human IgG subclasses lies in the hinge region. The hinge connects the Fab and Fc regions and is responsible for the flexibility of intact IgG molecules (see Supplementary Fig. S1 ). The upper hinge section connects the Fab region to the cysteine-rich middle hinge section, while the lower hinge section connects the Fc region to the middle hinge. 3 Because of this inherent flexibility, crystal structures of full-length IgG antibodies are relatively few but include IgG1, 4, 5 a hinge-deleted IgG1 mutant 6 and a murine IgG2a antibody. 7 Since antibody crystal structures only provide a single snapshot of the hinge region structure at best, antibody solution structures become important to assess conformational variability. Solution scattering and modeling studies have been presented for a human-mouse chimeric IgG4, 8 the bovine IgG1 and IgG2 subclasses, 9 the human IgA1 and IgA2 subclasses 10, 11 and human IgD. 12 These studies revealed a versatile range of hinge structures and Fab-Fc orientations. Thus, human IgG4 displayed an asymmetric structure with the Fab arms close to the Fc region, 8 while the bovine IgG1 and IgG2 subclasses displayed extended hinge structures leading to a Y-shaped molecule. 9 Human IgA1 showed an extended hinge leading to a T-shaped antibody, while the shorter hinge of human IgA2 resulted in both T-and Y-shaped structures. 10, 11 The long human IgD hinge is semiextended and leads to a T-shaped arrangement of the Fab and Fc fragments.
14 Thus, constrained scattering modeling based on known Fab and Fc crystal structures is a powerful means of establishing intact antibody structures in solution.
The interest of rabbit IgG is its single IgG subclass with an upper and a middle hinge length of only 11 residues. 13 Rabbit IgG has been the target of many classic antibody studies. 14, 15 Rabbit IgG binds to complement C1q and FcRs, when human IgG4 with a similar upper and middle hinge length of 12 residues does not activate complement. To clarify this functional difference, we describe solution structure determinations for rabbit IgG by ultracentrifugation and scattering combined with constrained modeling, for comparison with our recent IgG4 study. 8 High-throughput X-ray scattering permits the rabbit IgG conformation to be readily measured in different salts during one beam session. 16 The newly developed SANS2D neutron instrument likewise permits rabbit IgG to be readily studied at different temperatures. Thus, antibody conformational changes can be studied under widely different solution conditions. 17 In contrast to human IgG4 that is monomeric, we show that rabbit IgG is mostly monomer but with significant proportions of bufferdependent dimer and its monomer conformation is unchanged with buffer. The rabbit IgG monomer structure was determined by constrained scattering modeling. We show that its hinges are extended and that the Fab regions are positioned asymmetrically relative to the Fc region. The resulting molecular models showed that the binding of FcR and complement C1q to the top of the Fc region in rabbit IgG is permitted.
Results

Purification of rabbit IgG
Rabbit IgG was subjected to gel filtration to ensure that the protein was monodisperse immediately prior to ultracentrifugation or scattering experiments. This eluted as a symmetric main peak at 16 ml, which was preceded by a small peak at 14 ml that was attributed to minor dimer formation ( Supplementary  Fig. S2 ). The main peak showed a single band between 200 and 116 kDa in nonreducing SDS-PAGE that corresponds to the expected mass of 143.9 kDa for intact rabbit IgG molecule. Under reducing conditions, the heavy chains were observed at an apparent molecular mass of 55 kDa, and the light chains were between 31 and 21.5 kDa, both as expected ( Supplementary Fig. S2 ).
Analytical ultracentrifugation of rabbit IgG
Sedimentation velocity experiments were performed in order to examine the monodispersity and shape of rabbit IgG between 0.5 and 5 mg/ml (3.5-35 μM). The SEDFIT analyses in six different buffers involved fits to as many as 500 scans, and the good agreement between the experimental boundary scans and fitted lines is clear (Fig. 1a-c) . Only a major monomer peak at about 6.6 S and a smaller dimer peak at about 9.3 S were observed in all the size-distribution analyses c(s). This monomer value agreed with that of 6.7 S reported for rabbit IgG previously, as well as a faster sedimenting species at 9.5 S that was likely a dimer.
14 These data showed that rabbit IgG was predominantly monomeric in solution, together with minor dimer formation.
The rabbit IgG monomer sedimented at slightly different rates in different buffers and temperatures at rotor speeds of 40,000 r.p.m. and 50,000 r.p.m. No significant difference in monomer s 20,w value was recorded with rotor speed, and the data reported here are for 40,000 r.p.m.. The molecular masses of the monomer peak were measured as 146 ± 2 kDa (PBS-137), 144 ± 1 kDa (PBS-50), 147 ± 4 kDa (PBS-250), 145 ± 3 kDa (PBS-137 at 30°C), 140 ± 8 kDa (PBS-137 at 5°C) and 141 ± 9 kDa (PBS-137 in 2 H 2 O), all of which agree well with the composition-calculated mass of 144 kDa (Materials and Methods). Extrapolation of the s 20,w values to zero concentration gave similar monomer s°2 0,w values of 6.62 S, 6.56 S and 6.56 S for the PBS-50, PBS-137 and PBS-250 buffers at 20°C, respectively (Fig. 1d) . The s°2 0,w values were 6.62 S and 6.46 S at 5°C and 30°C in PBS-137, respectively. The change of 0.16 S between 5°C and 30°C is attributable to protein hydration changes at different temperatures, which in turn affects the partial specific volume v. In PBS-137 in heavy water, the monomer sedimented at an apparent rate of 3.96 S (Fig. 1c) , which, when corrected for the buffer density and viscosity of heavy water, resulted in an s 20,w value of 7.09 S. Given that the v value for proteins is affected by the hydration shell 18, 19 and the shell for heavy water will have a higher mass than that for light water, the v value will be reduced in 100% 2 H 2 O. A v value of 0.7200 ml/g in place of 0.7306 ml/g gave a monomer s°2 0,w value of 6.63 S close to that of 6.56 S for PBS-137. Interestingly, these s°2 0,w values of 6.46-6.62 S are comparable with those reported for human IgG4 of 6.20-6.80 S. 8, [20] [21] [22] The frictional coefficient ratio f/f 0 for rabbit IgG compares the frictional coefficient f for rabbit IgG by comparing this with the f 0 for a sphere of the same volume. From the f/f 0 value of 6.56 S for PBS-137 at 20°C and the rabbit IgG composition, this ratio is computed as 1.32 for rabbit IgG. This is close to that of 1.30 for human IgG4 and indicates that rabbit IgG is as similarly compact in shape as human IgG4. 8 The c(s) analyses revealed a minor s 20,w peak at approximately 9.3 S, attributed to an IgG dimer that ranged between 5% and 25% of the total. The averaged s 20,w value was similar at 9.46 ± 0.13 S (PBS-50), 9.27 ± 0.31 S (PBS-137) and 9.35 ± 0.18 S (PBS-250) at 20°C. This was similar at 9.59 ± 0.15 S and 9.33 ± 0.16 S at 5°C and 30°C, respectively. In PBS-137 in heavy water, this was likewise similar at 9.56 ± 0.03 S. The corresponding molecular masses were 248 ± 6 kDa (PBS-50), 246 ± 10 kDa (PBS-137), 250 ± 8 kDa (PBS-250), 256 ± 13 kDa (PBS-137 at 30°C), 244 ± 16 kDa (PBS-137 at 5°C) and 241 ± 16 kDa (PBS-137 in 2 H 2 O). These masses are comparable with the 288 kDa expected for a dimer. In order to determine the ratio of monomer to dimer, we performed integration of the c(s) peaks. In all buffers except PBS-250, the proportion of dimer increased with increasing IgG concentration (Fig. 1e) . The level of dimer present was dependent on the NaCl concentration and temperature. For PBS-250, the level of dimer was constant at 9%. For PBS-137, the level of dimer increased from 8% to 11%. For PBS-50, the level of dimer increased from 11% to 16%. For PBS-137 at 30°C, the least dimer was seen with an average of 5%. For PBS-137 at 5°C, the most dimer was seen, where this increased from 12% to 20%. Large amounts of dimer were also seen for PBS-137 at 20°C recorded in heavy water, when this increased from 18% to 25% for 2-7 mg/ml. These changes in dimer levels are consistent with both electrostatic and hydrophobic forces contributing toward dimer formation. In general, the observed changes were consistent with the reversibility of the monomer-dimer equilibrium. For example, the apparent dissociation constants K D for this equilibrium ranged from 70 μM for PBS-137 at 20°C in heavy water for the highest dimer formation to 350 μM in PBS-137 at 30°C for the lowest dimer formation, as expected.
X-ray and neutron scattering of rabbit IgG
The solution structure of rabbit IgG was analyzed by X-ray scattering. X-rays were most effective for looking at the hydrated structure at 20°C in a range of buffer salts. X-ray data collection was carried out between 0.5 and 5.0 mg/ml, using time-frame analyses to ensure the absence of radiation damage effects. Guinier analyses resulted in high-quality linear plots in three distinct regions of the I(Q) curves, as expected for antibodies, from which the R G , R XS-1 and R XS-2 values were obtained within satisfactory Q.R G and Q.R XS limits ( Fig. 2a and b) . The X-ray R G value for rabbit IgG in PBS-137 increased with concentration from 5.2 nm to 5.5 nm. An increase in R G was not observed in PBS-250, with a mean R G of 5.22 nm (Fig. 3a) . These changes in R G correspond with the observed changes in the I(0)/c values, where that for PBS-137 increased while that for PBS-250 was unchanged (Fig. 3b) . Note that I(0)/c was much reduced in PBS-250 for reason of the reduced contrast difference between protein and buffer in this buffer. These findings concur with the changes in the monomer and dimer percentages seen by analytical ultracentrifugation (Fig. 1e) , indicating that the increased R G values can be explained by increased dimer formation (Fig. 3b) . Each of the R XS-1 and R XS-2 values were almost unchanged between PBS-137 and PBS-250, with a mean R XS-1 of 2.65 nm and 2.63 nm, respectively (Fig. 3c) , and a mean R XS-2 of 1.39 nm and 1.36 nm, respectively (Fig. 3d) . This indicated that the change in the proportion of IgG dimer has no detectable effect on the IgG structure. In addition, these values are comparable to the R XS-1 and R XS-2 values of 2.56 nm and 1.40 nm, respectively, reported for human IgG4. 8 
Rabbit IgG in 100%
2 H 2 O buffer was also analyzed by neutron scattering between 2.0 mg/ml and 7.0 mg/ml. Neutrons permitted the study of the unhydrated protein structure, where the hydration shell is almost invisible. 19 Neutrons were most useful for the study of temperature effects in PBS-137, these conditions being less readily accessible by X-ray scattering. The Guinier analyses revealed high-quality linear fits for the same three R G , R XS-1 and R XS-2 parameters as described above for X-rays ( Fig. 2c and d) . The neutron R G values increased with increasing concentration from 5.39 nm to 6.04 nm at 6°C, from 5.21 nm to 5.87 nm at 20°C and from 5.14 nm to 5.62 nm at 37°C (Fig. 3e) . The largest changes were seen at 6°C. The changes seen with neutrons are comparatively large, indicating that the presence of heavy water promoted higher dimer formation. Extrapolation to zero concentration resulted in R G values of 5.08 nm (6°C), 5.01 nm (20°C) and 4.99 nm (37°C), these being less than the extrapolated R G value of 5.22 nm seen by X-rays. The corresponding I(0)/c values also increased (Fig. 3f) . The neutron R XS-1 and R XS-2 values showed almost no temperature dependence. The mean R XS-1 values for 6°C, 20°C and 37°C were 2.53 nm, 2.52 nm and 2.41 nm, respectively (Fig. 3g) . The mean R XS-2 values for 6°C, 20°C and 37°C were 1.21 nm, 1.22 nm and 1.15 nm, respectively (Fig. 3h) . The R G , R XS-1 and R XS-2 values were slightly less than those seen by X-rays, and this is attributed to the near invisibility to neutron scattering of the surface hydration shell in heavy water. 19 The distance distribution function P(r) provides structural information on IgG in real space. From the X-ray P(r) analysis, the R G values for rabbit IgG in PBS-137 and PBS-250 were determined to be similar to those from the X-ray Guinier analyses, showing that the two analyses were self-consistent (filled and open symbols in Fig. 3a) . The maximum length L of rabbit IgG was determined from the value of r when the P(r) curve intersects 0 to be between 16 nm and 17 nm for both PBS-137 and PBS-250 (Fig. 4a) . The maxima in the P(r) curves correspond to the most frequently occurring interatomic distances within the structure. For rabbit IgG, two peaks, M1 and M2, were identified in all the P(r) concentration (0.3-1.2 mg/ml) in PBS-137 that indicated non-ideality in the solution properties of human IgG4. 8 The neutron P(r) analysis showed that the R G values for rabbit IgG in PBS-137 at 6°C, 20°C and 37°C increased with increasing concentration (Fig. 3e) . The R G and I(0)/c values indicated a temperature dependence, which is attributable to the amount of dimer formed. This is consistent with the sedimentation velocity experiments where dimer formation depended on the temperature and the presence of heavy water (Fig. 1e) . The observed L values were between 17 nm and 21 nm for PBS-137 at 6°C, 16 nm and 20 nm at 20°C and 16 nm and 17 nm at 37°C (Fig. 4b) . These L values showed that the greater proportions of dimer at lower temperatures resulted in measurably increased dimensions. Because dimer is present in low amounts and the L values are not precisely measured, it is likely that the maximum length of the dimer is larger than 21 nm. As with the X-ray P(r) curves, two peaks M1 and M2 were identified at approximately 5 nm and 8 nm, respectively, in the neutron P(r) curves. No change was identified in the positions of M1 and M2 with changing concentration, indicating no difference in the internal Fab-Fc arrangement within rabbit IgG.
Starting model for rabbit IgG
In order to determine the rabbit IgG solution structure, we constructed a starting model from the crystal structures of the Fab fragment [Protein Data Bank (PDB) code 3NL4] and the Fc fragment (PDB code 2VUO) and molecular models for the hinge. The full hinge itself is formally defined by the 19-residue 220-APSTCKSPTCPPPELLGGP-238. 13 (i) The rabbit Fab crystal structure has all its residues present in the light chain and up to Cys224 in the heavy chain ( Supplementary  Fig. S3a -e). Even though the Fab region formally terminates at Val219, Cys224 forms an intrachain disulfide bond within the C H 1 domain ( Supplementary Fig. S1 ). It was therefore assumed that the location of residues Ala220 to Cys224 was well represented by the Fab crystal structure.
(ii) The rabbit Fc structure was based on interpretable density for residues Pro230 to Ser444 ( Supplementary Fig. S3e-g ). While atomic coordinates were present up to Pro230 (chain A) and Pro231 (chain B), the missing side chains for residues Pro231, Pro232, Glu233 and Leu235 in chain B were added using Discovery Studio. Pro230 was deleted from chain A so that both chains started at Pro231. Although the Fc region formally starts at Ser239, the lower hinge residues between Pro232 and Pro238 were considered to be well represented by the crystal structure. The two complex-type oligosaccharide chains at Asn297 in the C H 2 domains were visible as biantennary oligosaccharides with a Man 3-GlcNAc 2 core and two GlcNAc.Gal antennae. These were not modified for the modeling. In one chain, one of the two GlcNAc antennae is absent. The two oligosaccharides at Asn297 cover a hydrophobic patch on the C H 2 domain surface and extend into the cavity between the two C H 2 domains. 15 (iii) The full hinge is characterized by six proline residues and one Cys229 interchain disulfide bridge within 19 residues. Because Pro230 (chain A) and Pro231 (chain B) are 0.780 nm apart in the Fc region, this is consistent with the Cys229-Cys229 disulfide bridge in the hinge. 17 Because only six residues are missing in this region in the two crystal structures ( Supplementary Fig. S3e ), it was deduced that hinge variability would be well modeled by conformational sampling of an eight-residue peptide composed of the upper hinge sequence 225-SKPTCP-230 and flanked by the two terminal residues Cys224 and Pro231 that were used as anchor points in the Fab and Fc crystal structures (Supplementary Fig. S3e) . A total of 5000 randomized hinge sequences were generated. Because this sequence 224-CSKPTCPP-231 is located asymmetrically in the Fc structure, this meant that the intact rabbit IgG structure will not have 2-fold axial symmetry about the Fc fragment.
Search fit for the rabbit IgG solution structure
In order to model the rabbit IgG solution structure, we assembled a total of 5000 rabbit IgG conformationally randomized structures from the Fab and Fc crystal structures and the library of randomized hinge peptides of length 2.75-2.8 nm (Materials and Methods). Following calculation of the scattering curves from these, we compared each curve with the experimental X-ray and neutron curves. The experimental scattering curves selected for fits corresponded to the lowest concentrations in order to reduce the dimer content (Fig. 1e) . For the X-ray scattering curves, the 1-mg/ml scattering curve in PBS-137 and the 3-mg/ml scattering curve in PBS-250 were used. For the neutron scattering curve, the 2-mg/ml scattering curve in PBS-137 in heavy water was used. The fits were assessed in Fig. 5 . There, the identification of a single minimum R-factor value showed that the modeling strategy had successfully generated a single family of solution structures for rabbit IgG starting from a wide range of orientations and translations of the two Fab and Fc fragments. When the goodness-of-fit R-factors were compared with the R G values, the lowest R-factors in the 5000 curve fits corresponded to models with R G values close to the experimental R G values, as desired (Fig. 5) .
Filters based on the experimental scattering data were used to reject unsatisfactory models and identify the best-fit models.
(i) A ± 5% filter for steric overlap eliminated the models in which the Fab and Fc regions and the hinge sterically overlapped with each other as the result of inappropriate hinge conformations. In order to correspond to the compositioncalculated volume of rabbit IgG, satisfactory sphere models needed a minimum total number N of 1470 spheres for the hydrated X-ray models and 1136 spheres for the unhydrated neutron models. (ii) A ± 5% filter of the modeled R G values that were calculated from the same Guinier Q ranges used for the experimental X-ray or neutron R G values identified the models that fitted the degree of elongation determined by X-rays or neutrons. (iii) When the models were ordered starting from their lowest R-factors, 10 best-fit models for rabbit IgG were identified. These best-fit models are found as a single cluster (green in Fig. 5 ), again suggesting that a single conformationally related best-fit family of structures has been identified. In terms of the Cys229-Cys229 inter-heavy-chain disulfide bridge, the C α separations between the two Cys229 residues should be between 0.4 and 0.75 nm. 23 This separation in the 30 best-fit models was between 0.83 and 2.11 nm, being satisfactory. Visual inspection of the best-fit models showed that the two Cys229 residues were in proximity to each other as desired, although a crystal structure will be required to define the location of the Cys229-Cys229 disulfide bridge.
The final outcome of the modeling showed good visual curve fits in all three cases, both for the experimental I(Q) curves and the P(r) curves shown as insets (Fig. 6) . Slight deviations seen at low Q for the neutron fit are consistent with the presence of small amounts of dimer (Fig. 6c) . In each case, the R G values for the 10 best-fit models were within acceptable error of the experimental values ( Table 1) . The three models in Fig. 6 displayed similar asymmetric arrangements of the two Fab regions compared to the Fc region in all three buffers as being the most consistent with the fits. The three R-factor values for the best-fit model (pink in Fig. 5 ) were acceptable at 3.5%, 4.6% and 4.9%, respectively, for PBS-137, PBS-250 and PBS-137 in heavy water. These values are low when compared with those from other similar modeling fits. 24 Sedimentation coefficient modeling of the rabbit IgG monomer and dimer
The s 20,w values of each of the three sets of 10 bestfit scattering rabbit IgG models were calculated for comparison with the experimental values of 6.56 S for the IgG monomer (Fig. 1d) . The 30 s 20,w values for the best-fit hydrated sphere models ranged from 6.47 S to 6.74 S using HYDRO ( Table 1 ). The corresponding sets of 30 s 20,w values using HYDRO-PRO ranged from 6.13 S to 6.48 S ( Table 1 ). Given that the calculations are generally accurate to within ±0.21 S, 24 both sets of s 20,w values agree well with the experimental value of 6.56 S.
In order to assess the presence of dimer in the scattering curve fits, we generated dimer structures starting from the best-fit monomer structure for PBS-137. While holding one monomer fixed, a second identical monomer was positioned against this in variable positions. Models included face-to-face structures of Fab-Fc pairs (Fig. 7a) , tip-to-tip structures involving a single Fab-Fab contact (Fig. 7b) or bivalent Fab-Fab or Fab-Fc contacts (Fig. 7c) . This variety encompassed the most extended and most compact structures possible. For each model, the calculated s 20,w value was compared with the experimental s 20,w value of 9.27 S for the dimer. The dimer models with bivalent Fab contacts gave an s 20,w value of 9.4 S using HYDROPRO.
Effect of dimer on the X-ray and neutron curve fits Up to here, the scattering curve fits had assumed that the rabbit IgG scattering curve corresponded to monomer only. The dimer peak observed in the sedimentation c(s) analyses showed that 5-25% of dimer was present (Fig. 1e) . Even though the scattering curves with the lowest dimer concentrations were used for fits, each curve fit in Fig. 6 was reevaluated for the presence of dimer. The scattering curves for mixtures of the monomer and dimer Fig. 6 . X-ray and neutron scattering curve fits for the best-fit monomer IgG models. The fits correspond to (a) 1 mg/ml rabbit IgG in PBS-137 by X-ray scattering, (b) 3 mg/ml rabbit IgG in PBS-250 by X-ray scattering and (c) 2 mg/ml rabbit IgG in PBS-137 in 2 H 2 O by neutron scattering. In the left-hand panels, the experimental data are indicated by circles (black) and the modeled best-fit scattering curve is indicated by the continuous line (red). The insets correspond to the experimental (black) and best-fit modeled (red) P(r) curves, in which the M1 and M2 values are indicated by arrows. In the right-hand panels, the best-fit rabbit IgG models are shown, with the Fab regions in blue and the Fc regions in red. The Fc region is shown in the same orientation in all three models. structures (Figs. 6a and 7c) were summed from 0% to 100% in 1% increments. 25 The extent of change in the normalized scattering curve is summarized in Fig. 7d . The 101 summed curves were compared with each of the three fits in Fig. 6 . For PBS-137 (Fig. 6a) , the R-factor improved from 3.5% to 3.4% when 3-11% of dimer was included in the monomer curve fit. This proportion agreed well with the 8% dimer observed in the c(s) fit (Fig. 1e) . For PBS-250 (Fig. 6b) , the R-factor improved from 4.6% to 3.7% a The optimum number of unhydrated and hydrated spheres predicted from the sequence is 1136 and 1470, respectively. b The first experimental value is from the Guinier R G analysis (Fig. 2 ) and the second one is from the GNOM P(r) analysis (Fig. 4) . c The first modeled value corresponds to that from HYDRO and the second one is from HYDROPRO. when 14-22% of dimer was included in the curve fit. This proportion compared well with the 7% dimer observed in the c(s) fit (Fig. 1e) . For PBS-137 with heavy water (Fig. 6c) , the R-factor was improved from 4.9% to 4.0% when 17-26% of dimer was included in the curve fits. This proportion agreed well with the 18% dimer observed in the c(s) fit (Fig. 1e) .
The improvements seen in all three cases, in particular, for the neutron fit, showed that the inclusion of 7-18% dimer in the fits had no discernible effect on the reliability of the X-ray and neutron curve fits.
Effect of IgG composition on the X-ray and neutron curve fits
Rabbit IgG is heterogeneous with respect to its V H and V L complementarity-determining regions, light-chain isotypes, allotypic differences in the H and L chains and its glycosylation. Because the structural modeling focused on the hinge conformation and because rabbit IgG has a single subclass, the length of the hinge region is the same in all molecules. Thus, the scattering modeling was effective. In relation to amino acid and glycosylation differences, these were considered as follows:
(i) Polyclonal rabbit IgG will include the d and e allotypes, which correspond to single amino acid substitutions in the C H 2 domain and are expected to have little effect on the curve fits. The multiple substitutions in the a allotype affect over 10% of the framework residues in the V H domain. 26, 27 Those in the b allotype affect up to 40% of the residues in the LC κ domain. [28] [29] [30] The κ light chain has two isotypes K1 and K2 with approximately 70-90% being the K1 isotype. [31] [32] [33] These residue changes are outside the hinge region and are not expected to affect the scattering fit modeling.
(ii) In relation to the asymmetric hinge O-linked glycosylation at 40% occupancy, 34 the glycosylation site is Thr228 in the hinge (Supplementary Fig. S3 ). Thr228 can be substituted with Met, Pro or Leu, thus reducing the glycosylation. The effect of an O-linked glycosylation in the best-fit model was tested by adding a NeuNAc.Gal.GalNAc trisaccharide to one Thr228 site. The R-factors were unchanged at 3.5% for the 54-100% of the curves that corresponded to one added O-linked trisaccharide. They were almost unchanged at 3.6% for the 0-53% of the curves that corresponded to the added trisaccharide. This lack of change is likewise not expected to affect the scattering modeling.
Discussion Rabbit IgG structure and function
We have determined the first view of an asymmetric antibody conformation in solution for rabbit IgG that revealed new insights into its function, most notably its interactions with the FcR and with complement C1q (Fig. 8) . Crystal structures often do not provide information about the arrangements of the three Fab and Fc regions within the intact antibody. Here, we show that the two Fab regions are asymmetrically arranged about the Fc region in rabbit IgG. This solution structure has implications for FcR and C1q binding to IgG, both of which are important for effector responses within the immune system.
In distinction to other species (e.g., human, mouse, rat), the rabbit immune system utilizes a single IgG subclass. The four IgG subclasses in human, rat and mouse arose from gene duplication events. These different IgG subclasses may be produced differentially in response to different pathogen exposures. The mean serum concentration of rabbit IgG is 13.6 mg/ml (a range of 12.0-14.5 mg/ml). 35 The mean serum concentration of human IgG is similar at 13.2 mg/ml, being composed of 8 mg/ml for IgG1 (a range of 5-12 mg/ml), 4 mg/ ml for IgG2 (2-6 mg/ml), 0.8 mg/ml for IgG3 (0.5-0.1 mg/ml) and 0.4 mg/ml for IgG4 (0.2-1 mg/ml). 1 Rabbit IgG is able both to activate complement and to bind to FcγRs. Some human IgG subclasses show reduced activation via C1q or FcγR binding. 1 In the human immune system, the FcγI receptor type has high affinity and is activated by monomeric IgG, while FcγII and FcγIII are low-affinity receptors and require multivalent immune complexes for activation. The FcγRs also differ in their IgG specificities, with FcγIII binding IgG1 and IgG3 more tightly than IgG2 and IgG4. 36, 37 Hinge structure of rabbit IgG
The X-ray and neutron scattering modeling showed that the rabbit IgG hinge is extended in solution and that the arrangement of the Fab and Fc regions is unaffected by different concentrations or buffers. The resulting asymmetric solution structure for rabbit IgG is the consequence of its comparatively short hinge sequence compared to the four human subclasses (Supplementary Fig. S3h ). The rabbit IgG hinge is too short to permit the three Fab and Fc regions to exhibit unrestricted conformational freedom about the hinge. The upper hinge in rabbit IgG is nine residues long, compared with the seven in that of human IgG4. However, the first five hinge residues (Ala220 to Cys224) are incorporated within the Fab region, being terminated by Cys224 that forms an intrachain disulfide bond within the C H 1 domain. The middle hinge is characterized by interchain disulfide bonds that are responsible for the rigidity of the middle hinge. Rabbit IgG has only two residues in the middle hinge and one interchain disulfide bridge, while human IgG4 has a middle hinge of five residues and two interchain disulfide bridges. The rabbit IgG upper and middle hinge has to be structurally extended to accommodate its Fab and Fc regions. To illustrate this, we redefined the hinge length used in the conformational searches (224-CSKPTCPP-231) by the C α positions of the flanking residues Thr223 and Pro232. The maximum possible length of nine extended peptides is 3.2 nm. The 10 best-fit structures gave hinge lengths between 3.16 and 3.37 nm for PBS-137, 3.14 and 3.33 nm for PBS-250 and 3.09 and 3.44 nm for PBS-137 in heavy water. This showed that good fits to the X-ray and neutron data were obtained only with fully extended hinge structures. The best-fit IgG model from (a) is shown superimposed with the crystal structure for C1q (PDB code 1PK6) according to Table 2 of a docking prediction for this complex. 44 For C1q, the A chain is colored yellow, the B chain is colored orange and the C chain is colored pink. The approximate location of the collagen triple helix in C1q pointing away from the C1q head is shown by the black arrow.
The solution structure of rabbit IgG is similar to that for human IgG4 determined by less extensive X-ray scattering data and modeling. 8 Like the rabbit IgG solution structure, the human IgG4 solution structure was asymmetric with one Fab-Fc pair closer together than the other pair. The length of the upper and lower hinges is one residue longer in human IgG4 than in rabbit IgG (Supplementary Fig.  S3h ). Intriguingly, unlike rabbit IgG, human IgG4 showed internal conformational changes with dilution in PBS-137. The hinge length increased slightly with decreasing concentration, accompanied by a decreased separation between the Fab-Fc regions. These conformational changes were recently reconfirmed with a different human IgG4 (G.-K.H., L.R., P.A.D. and S.J.P., unpublished results).
Interactions with FcR
FcR binding to IgG activates antibody-dependent cell-mediated cytotoxicity events. FcRs are antibody class-specific, with the FcγR group interacting with the IgG class. FcγRs are type I transmembrane glycoproteins consisting of extracellular and cytoplasmic regions. The extracellular regions bind to antibody and exhibit a high degree of sequence identity between different FcγRs; however, the cytoplasmic domains differ significantly. 36 This explains the diverse functions of FcγRs including activating, inhibitory and synergistic effects with some containing immunoreceptor tyrosine-based activation or inhibition motifs. 38 The extracellular region of FcγR contains either two or three C2-type immunoglobulin-like domains (designated as D1, D2 and D3). Different FcγRs have different subclasses, with subclasses A, B and C known for human FcγRI and FcγRII and subclasses A and B known for human FcγRIII. 39 In the Fc region, 60% of the interactions with the FcγRs are mediated through residues Leu234-Pro238 of the lower hinge region, these residues being identical in human IgG1 and rabbit IgG (Supplementary Fig. S3h) . 37 The interaction involves predominantly the BC, C′E and FG loops of the D2 domain and its C′ β-strand and the hinge loop between D1 and D2. 38 The interactions involve van der Waals contacts and hydrogen bonds, mostly from the Fc residues Leu234-Pro238 and the FcγR residues Thr113, Ala114 and Val155-Lys158. The detailed interaction is shown in Fig. 4 of the crystal structure study. 40 The Fc residue Pro329 forms a proline sandwich with the FcγR residues Trp87 and Trp110. 40 Fc glycosylation also plays a role. The oligosaccharides at Asn297 stabilize the Fc structure, and differences in this Fc glycosylation may alter the Fc-FcγR interactions. 41, 42 The IgG-FcγR interaction is clarified by our IgG solution structures. Molecular views of the superimposed best-fit rabbit IgG models show that the Fab regions are positioned at the top of the Fc region and along one Fc face to leave the other Fc face exposed (Fig. 8a-c) . The accessibility of the lower hinge in rabbit IgG is demonstrated by overlaying the best-fit models with three crystal structures of the Fc-FcR complex (Fig. 8d) . 40, 43 Complex formation is enabled by the asymmetric IgG structure. The crystal structure of rabbit Fc showed that the lower hinge has an acute bent conformation even in the absence of receptor. 15 Here, we show that this lower hinge bend in Fc indeed resulted in the displacement of the Fab regions in intact rabbit IgG to permit FcγR interactions with the top of the Fc region.
The reactivity of complement C1q with the four human IgG subclasses varies, this being presumed to be mediated by steric interference from the Fab arms in the approach of C1q to the C H 2 sites, in which the affinities decrease in the sequence IgG3 N IgG1 N IgG2 N IgG4.
1 This sequence also reflects the complement fixation ability of the four subclasses, 1 where human IgG4 does not activate complement. The C1q binding site occurs also at the top of the C H 2 domain in the Fc region. The Fc residues Glu318, Lys320 and Lys322 are often implicated as the core residues for C1q binding, and Pro329 and Pro331 are also important (Supplementary Fig. S3f ). Mutagenesis has implicated ArgA162, ArgB108, HisB117, ArgB129, ArgB163 and ArgC156 on the A, B and C chains of C1q in the interaction. 44 The interaction between complement C1q and IgG Fc is yet to be crystallographically examined. The prediction of docking models for the Fc-C1q interaction suggested that the B and C chains of the C1q head interacted with the top of both C H 2 domains in the Fc region, with the collagenous stalks pointing away from IgG as desired. 44 The details of the proposed interaction are shown in Fig. 4 of the docked structure. 44 The 19 C1q and 12 Fc contact residues identified in Table 2 from that study were used to replicate this predicted docked structure (Fig. 8e) . The displacement of the Fab regions in our solution structure for intact rabbit IgG away from the Fc-C1q contact region permitted the C1q interactions with the top of the Fc region.
Stability of rabbit IgG
Antibodies represent a $30 billion industry and the detailed study of the solution properties of antibodies is necessary to maximize their potential as therapeutics.
2 Antibody behavior during manufacture, shipping and storage is important to understand, given that alterations may lead to undesired immunogenic effects. 45, 46 This study has investigated not only rabbit IgG but also the fact that it is polyclonal. There are many applications and examples of using (cheaper) polyclonal antibodies for diagnostics and therapy. In these contexts, the unchanged rabbit IgG solution structures in different buffers and protein concentrations indicate that no internal structural rearrangement of the Fab and Fc regions occurred within rabbit IgG. Thus, the s 20,w values of the monomer and dimer were unchanged in a range of buffers. The two peaks M1 and M2 in the X-ray and neutron P(r) curves were likewise unchanged in different buffers.
The increases in the percentage of dimer seen from the c(s) and R G analyses are attributable to the buffer in use. As high as 25% dimer formation was observed at low temperatures and in heavy water (Figs. 1e and 3e and f) . Given that dimer may not be seen for monoclonal antibodies such as human IgG4, 8 dimer formation may result from specific sequences on the surface of the rabbit Fab region that promotes weak dimers with apparent K D values between 70 and 350 μM. If dimers are formed by bivalent contacts at each of the two Fab regions in rabbit IgG (Fig. 7c) , dimer formation will be cooperative. The weak interactions leading to dimer formation will be promoted by lower temperatures, as observed, as these will favor longer lifetimes for the interaction. The increased dimer formation in heavy water is attributable to the weaker solvation of the hydration shell surrounding the antibody. In distinction, the change of salt between 137 mM and 250 mM NaCl has a smaller effect on dimer formation.
Materials and Methods
Purification and composition of rabbit IgG
Polyclonal rabbit IgG (species Oryctolagus cuniculus) was generously supplied by Dr. Michael Brownleader (Generon, Maidenhead, Berkshire, UK). This was purified by gel filtration using a Superose 6 10/300 column (GE Healthcare), then concentrated using Amicon Ultra spin concentrator (50-kDa molecular mass cutoff) and dialyzed at 4°C against the appropriate ultracentrifugation and scattering buffer (see below). Its sequence was taken from two crystal structures for rabbit Fc (PDB code 2VUO) 15 and rabbit Fab (PDB code 3NL4). 47 The 2VUO file included the C H 2 and C H 3 domains, and the 3NL4 file included the C H 1 and V H domains and also a κ light chain with the C L and V L domains (GenBank code 340780374) ( Supplementary Fig. S1 ). The hinge residues between the C H 1 and C H 2 domains were identified from CLUSTALW sequence alignments of the C H 1, C H 2 and C H 3 domains with the complete rabbit heavy-chain sequence (PDB code 3NL4; GenBank code AAA64252.1). 28 The N-linked oligosaccharides at Asn297 on the C H 2 domains (Supplementary Fig. S1 ) were taken to have a typical complextype biantennary oligosaccharide structure with a Man 3-GlcNAc 2 core and two NeuNAc.Gal.GlcNAc antennae. 48 In addition, rabbit IgG is 40% glycosylated by an O-linked oligosaccharide (assumed to be a NeuNAc.Gal.GalNAc trisaccharide) at a single Thr228 residue at an asymmetric hinge glycosylation site between the C H 1 and C H 2 domains. 34 A fourth N-linked oligosaccharide is located in about 15% of the Fab regions and was not considered further in this study. 34 The rabbit IgG molecular mass was calculated to be 143.9 kDa, its unhydrated volume was 185.6 nm 3 , its hydrated volume was 244.3 nm 3 (based on a hydration of 0.3 g of water per gram of glycoprotein and an electrostricted volume of 0.0245 nm 3 per bound water molecule), its partial specific volume v was 0.731 ml/g and its absorption coefficient at 280 nm was 14.7 (1%, 1 cm pathlength). 18 All data were recorded in phosphate-buffered saline with different NaCl concentrations. The standard buffer has a composition of 137 mM NaCl, 8.1 mM Na 2 HPO 4 , 2.7 mM KCl and 1.5 mM KH 2 PO 4 (pH 7.4) and was termed PBS-137. When 137 mM NaCl was replaced by 50 mM NaCl or 250 mM NaCl, this was termed PBS-50 or PBS-250, respectively. The buffer densities were measured using an Anton Paar DMA 5000 density meter. The experimental values were used for data analyses and were compared with the theoretical values calculated by SEDNTERP. 49 This resulted in densities of 1.00540 g/ml for PBS-137 at 20°C (theoretical, 1.00534 g/ml), 1.00174 g/ml for PBS-50 at 20°C (theoretical, 1.00175 g/ml), 1.01030 g/ml for PBS-250 at 20°C (theoretical, 1.00998 g/ml), 1.00752 g/ml for PBS-137 at 5°C, 1.00270 g/ml for PBS-137 at 30°C and 1.112381 g/ml for PBS-137 at 20°C in 100% 2 H 2 O.
Sedimentation velocity data for rabbit IgG
Analytical ultracentrifugation data for rabbit IgG were obtained on two Beckman XL-I instruments equipped with AnTi50 rotors. Sedimentation velocity data were acquired for rabbit IgG samples in PBS-50, PBS-137 and PBS-250 at 20°C and also in PBS-137 at 5°C and 30°C and in PBS-137 with 100% 2 H 2 O. Data were collected at rotor speeds of 40,000 r.p.m. and 50,000 r.p.m. in two-sector cells with column heights of 12 mm. Sedimentation analysis was performed using direct boundary Lamm fits of up to 500 scans using SEDFIT (version 12.1). 50, 51 SEDFIT resulted in size-distribution analyses c(s) that assume all species to have the same frictional ratio f/f 0 . The final SEDFIT analyses used a fixed resolution of 200 and optimized the c(s) fit by floating f/f 0 and the baseline until the overall root-mean-square deviations and visual appearance of the fits were satisfactory. The percentage of oligomers in the total loading concentration was derived using the c(s) integration function.
X-ray and neutron scattering data for rabbit IgG X-ray scattering data were obtained during a beam session in 16-bunch mode on Instrument ID02 at the European Synchrotron Radiation Facility, Grenoble, France, operating with a ring energy of 6.0 GeV on the Beamline ID02. 52 Storage ring currents ranged from 32 mA to 43 mA. Data were acquired using a fiberoptically coupled high sensitivity and dynamic range charge-coupled device detector (FreLoN) with a resolution of 512 × 512 pixels. A sample-to-detector distance of 3.0 m was used. Rabbit IgG at 20°C only in PBS-137 and PBS-250 was studied at 10 concentrations between 0.5 mg/ml (3.5 μM) and 5.0 mg/ml (35 μM), in which samples of volume 100 μl were measured in a polycarboxylate capillary (diameter, 2 mm) that avoids protein deposits during exposures, with the sample being moved continuously during beam exposure to reduce radiation damage. Sets of 10 time frames, with frames of duration 0.1 s or 0.2 s each, were acquired in quadruplicate as a control of reproducibility. Online checks during data acquisition confirmed the absence of radiation damage, after which the 10 frames were averaged. An initial X-ray beam session utilized rabbit IgG at 0.5 mg/ml (3.5 μM) to 5.0 mg/ml (35 μM) in PBS-137, which was measured in a quartz capillary (diameter, 1.75 mm).
Neutron scattering data were obtained on Instrument SANS2D at the pulsed neutron source ISIS at the Rutherford Appleton Laboratory, Didcot, UK. 53 A pulsed neutron beam was derived from proton beam currents of approximately 40 μA. SANS2D data were recorded with 4 m of collimation, a 4-m sample-to-detector distance, a 12-mm beam diameter and a wavelength range from 0.175 to 1.65 nm available by time of flight. Rabbit IgG samples were measured in 2-mm-thick rectangular quartz Hellma cells positioned in a thermostated rack at 20°C and also at 6°C and 37°C. Data acquisitions lasted 1.5-3.5 h for four rabbit IgG samples at concentrations between 2.0 mg/ml (14 μM) and 7.0 mg/ml (49 μM) in PBS-137 prepared in heavy water.
In a given solute-solvent contrast, the radius of gyration R G is a measure of structural elongation if the internal in homogeneity of scattering densities within the protein has no effect. Guinier analyses at low Q (where Q = 4πsinθ/λ; 2θ is the scattering angle and λ is the wavelength) gives the R G and the forward scattering at zero angle I(0) 54 :
This expression is valid in a Q.R G range up to 1.5. If the structure is elongated, the mean radius of gyration of cross-sectional structure R XS and the mean cross-sectional intensity [I(Q)Q] Q → 10 is obtained from:
For immunoglobulins, the cross-sectional plot exhibits two regions, a steeper innermost one and a flatter outermost one, 55 and the two analyses are identified by R XS-1 and R XS-2 , respectively. The R G and R XS analyses were performed using an interactive PERL script program SCTPL7 (J. T. Eaton and S. J. Perkins, unpublished software) on Silicon Graphics OCTANE Workstations. Indirect transformation of the scattering data I(Q) in reciprocal space into real space to give the distance distribution function P(r) was carried out using the program 
Debye scattering and sedimentation coefficient modeling of rabbit IgG
A total of 5000 conformationally randomized rabbit IgG models were created by joining the rabbit Fab and Fc crystal structures (PDB codes 3NL4 and 2VUO, respectively) with conformationally randomized hinge peptides. Missing residues in the crystal structures were added using Discovery Studio v2.5 (Accelrys, San Diego, CA, USA). The hinge peptide was 224-CSKPTCPP-231. Starting from an extended β-strand conformation, we conformationally randomized the central six residues using molecular dynamics in the Discovery module of the molecular modeling software Insight II in order to create a library of 5000 conformations (Accelrys). 10 The length of the eight-residue peptide was constrained at the most extended length of 2.8 nm in order to avoid abnormally short hinge structures. The outermost residues were anchor points used to superimpose each hinge conformation onto the three Fab and Fc regions in order to create the full rabbit IgG model. Two different hinge conformations that were sampled at random were used to join the two Fab and Fc regions to create 5000 rabbit IgG models.
The X-ray or neutron scattering curve was calculated from each IgG model using sphere models for comparison with the experimental rabbit IgG curves. A cube-side length of 0.544 nm in combination with a cutoff of four atoms was used to convert the atomic coordinates into 1136 spheres that corresponded to the unhydrated structure. Because hydration shells are visible by X-rays, a hydration shell corresponding to 0.3 g of water per gram of protein was created using HYPRO, 57 giving an optimal total of 1470 hydrated spheres. The X-ray scattering curve I(Q) was calculated using the Debye equation adapted to spheres. 58 Details are given elsewhere. 10, 19 Steric overlap between the Fab and Fc regions was assessed using the number of spheres found in each model, where models showing less than 95% of the required total of 1470 spheres were discarded. Over 61% of the 5000 models showed no steric overlap. Next, the X-ray R G , R XS-1 and R XS-2 values were calculated from the modeled curves in the same Q ranges used for the experimental Guinier fits. Models that passed R G filters of ± 5% of the experimental value were then ranked using a goodness-of-fit R-factor defined by analogy with protein crystallography and based on the experimental curves in the Q range extending to 1.9 nm − 1 . For the neutron scattering modeling, the unhydrated sphere models were used to calculate the scattering curves. Over 72% of the 5000 models showed no steric overlap. The models created from neutron scattering were assessed as for the X-ray scattering models above. No correction was required for a flat incoherent background.
Sedimentation coefficients s 20,w were calculated directly from the hydrated Debye sphere models using the program HYDRO. 59 They were also calculated from the atomic coordinates in the HYDROPRO shell modeling program using the default value of 0.31 nm for the atomicelement radius for all atoms to represent the hydration shell. 60 Previous applications of these calculations to antibodies are reviewed elsewhere. 24 Artwork was prepared using PyMOL (DeLano Scientific †). Superimpositions of the Fc region were performed using the align function within PyMOL. For the docking of the crystal structures for the Fc region and the C1q head, the web server algorithm PatchDock (version beta 1.3) ‡ was used in order to take advantage of its ability to include specified residues as potential binding sites; the output was then refined using FIREDOCK from the same web site. 61 
PDB accession numbers
The 10 best-fit rabbit IgG models determined for each of the three buffers have been deposited in the PDB with the accession codes 4GDQ (PBS-137), 4GDR (PBS-250) and 4GDS (PBS-137 in heavy water).
Supplementary materials to this article can be found online at http://dx.doi.org/10.1016/j.jmb.2012.11.019
